The fluorescence quenching behavior of two distyrylbenzenes (DSBs) newly prepared bearing strongly electron-donating groups was investigated. Several chlorinated and nitro compounds quench the fluorescence of both DSBs with various efficiencies depending on the electron-withdrawing properties; the strongly electron-withdrawing compound, such as 2,4,5-trichlorophenol and 2,4-dinitrofluorobenzene, effectively diminish the fluorescence intensities of the DSBs. Since the fluorescence quenching constants and the reduction potentials of the quenchers are linearly related, these quenching phenomena are attributed to the photo-induced electron transfer (PET) process. The fluorescence quenching was also detected in the interaction between the azacrown DSB and phenylboronic acid, while the fluorescence recovers by adding triethylamine. On the other hand, the azacrown DSB selectively interacts with Ca 2+ to decrease its fluorescence intensity, but the DSB with the dimethylamino groups did not. These results suggest a potential use of these types of compounds as sensors for strongly electron-withdrawing substances and a suitable metal cation.
Introduction
Considerable attention has been paid to the fluorescent sensors responsive to a wide range of substances including metal ions, and organic and inorganic compounds [1] [2] [3] [4] [5] [6] [7] , some of which are based on the inhibition of a photo-induced electron transfer (PET) process caused by the interaction of the electron-donor sites and the target substances [8] [9] [10] . Various fused aromatic compounds with a strong fluorescence such as pyrene, anthracene, etc. have been frequently used for the fluorescent sites [11.12] . In general, distyrylbenzenes are strongly fluorescent and very versatile compounds because of availability of a number of derivatives with various properties such as absorption, fluorescence, oxidation potential, and solubility toward various media, which can be controlled by the electronic nature of the substituens on the distyrylbenzenes [13] [14] [15] [16] .
Detection of chlorinated or nitro compounds in the environments is a very important problem because they affect human lives as the relics of agricultural chemicals or explosives [17] [18] [19] [20] .
Therefore, the development of a method for their accurate and rapid detection is required. Some chemosensory devices for this purpose utilize the fluorescence quenching phenomena attributed to the electronic interaction between the strongly fluorescent compounds and the target molecules that are strongly electron-withdrawing. On the other hand, some boron compounds, such as boric acids and their esters, are also known to act as fluorescence quenchers and interact with the ligands such as anions, amines and alcohols, changing the orbital from sp 2 to sp 3 [21.22] , which led to the development of many boron complexes bearing a fluorophore or chromophore as sensing agents for inorganic anions and sugars [23] [24] [25] [26] . The fluorescent response of these sensing agents is based on the change in the efficiency of the PET process between the fluorophores and boron moieties or the energy transfer from the donor to the acceptor.
In this paper, we report the spectral properties of two strongly electron-donating and fluorescent distyrylbenzenes (1 and 2) bearing two alkoxy groups on the central benzene rings and amino groups on each terminal benzene ring. (Fig. 1) . Based on such properties, they will interact with electron-accepting substances such as chloro, nitro and boronic compounds. Since the azacrown moiety is known to act as a recognition site for a suitable metal cation [27] [28] [29] [30] , the interaction of the distyrylbenzenes with the azacrown moieties will form a chemosensor for a suitable metal cation. We show that these types of distyrylbenzenes have the possible potential of being used as chemosensors for suitable substances. 
Experimental

Reagents and apparatus
Solvents were purified and dried by the standard method. Two distyrylbenzenes were synthesized as described bellow. Phenylboronic acid was prepared according to the known method [31] . Other chemicals were used as purchased. 1 H and 13 C NMR spectra were recorded on a Bruker AVANCE-400 at 400 MHz and 100 MHz respectively. The chemical shifts (δ) are reported in ppm downfield from TMS as internal standard or from the residual solvent peak. Coupling constants (J)
are reported in Hz. Analytical TLC was carried out on precoated silica gel 60F-254 plates (E.
Merck). Column chromatography was performed on silica gel (E. Merck). Absorption and fluorescence spectra were recorded on a U-3310 spectrometer (Hitachi) and on a RF-5000 spectrometer (Shimadzu), respectively. Fluorescence quantum yields were estimated using 9,10-diphenylanthracene (Φ F =0.91 in benzene) as a standard. Cyclic voltammetry was performed at room temperature with a three-compartment cell in dry acetonitrile solution containing the substrate (ca. 10 -4 M) and a supporting electrolyte (0.1 M tetrabutylammonium perchlorate). Pt disk, Pt wire, and saturated calomel electrode (SCE) were used as the working, counter, and reference electrodes, respectively. The scan rate was 100 mV s -1 .
Synthesis of (E,E)-2,5-Bis(2'-ethylhexyloxy)-1,4-bis(4"-N-dimethylstyryl)benzene (1)
To a suspension of tert-BuOK (1.41 g, 12.60 mmol) in DMF (10 mL) was added a solution (20 mL) of 2,5-bis(2'-ethylhexyloxy)-1,4-bis(diethylphosphonomethyl)benzene (2.00 g, 3.15 mmol) in DMF (20 mL) and stirred for 30 min. at room temperature. To the slurry was added dropwise a solution of 4-N-dimethylaminobenzaldehyde (0.78 g, 5.23 mmol) in DMF (10 mL). After being stirred for 8 h at room temperature, the solvent was removed by distillation under a reduced pressure and then a saturated ammonium chloride solution was added to the residue. The product was extracted with ether and the organic phase was dried over anhydrous Na 2 SO 4 . After removal of the solvent, the product was purified by column chromatography on silica gel with benzene as an
Synthesis of (E,E)-2,5-bis(2'-ethylhexyloxy)-1,4-bis[4"-(N-monoaza-15-crown-5)-styryl]benzene (2)
This compound was prepared similarly to the procedure described above using tert-BuOK 
Result and Discussion
Synthesis and spectra of distyrylbenzenes 1 and 2
The distyrylbenzenes 1 and 2 were prepared by a modification of the Wittig olefination reaction using a 1,4-bis(diethylphosophonomethyl)benzene and the corresponding aromatic aldehydes in the presence of tert-BuOK. Their geometric structures were identified as all E-forms, and as shown in respectively. When comparing their spectra of the parent 4,4'-distyrylbenzene without any substituent that has an absorption at 357 nm and fluorescence at 414 nm (in dioxane) [32] , those of 1 and 2 significantly shift to the long wavelength regions, which is attributed to the presence of the terminal amino groups because 4,4'-bis(4"-dimethylaminostyryl)benzene, lacking two alkoxy groups, absorbs at 398 nm and emits at 463 nm [32, 33] , in almost the same regions as 1 and 2. A spectral change depending on the property of the solvents was also observed. For instance, almost the same spectra for 2 were obtained in THF and in benzene, while the alcoholic solvents affect the spectra to give structureless ones with a decreasing intensity (Fig. 2b) . Interestingly, the spectra of 2 measured in aqueous THF change in its structure with a decreasing intensity as the ratio of the water increases (Fig. 2c) , which indicates that the hydrogen-bond formation at the amino group sites leads to the change in the ratio of the emission for each transition. Such spectral behavior was also observed for 1. Thus, these distyrylbenzenes are sensitive to the environments around them and therefore expected to respond to the change in the chemical situation. 
Fluorescence quenching by chlorinated aromatic compounds
When distyrylbenzenes 1 and 2 were dissolved in a mixture of chlorobenzene and THF, their fluorescence intensity decreased depending on the amount of chlorobenzene (Figs. 3a and 3b) . The fluorescence quenching effect of dichlorobenzene was greater than chlorobenzene, and in this case, the azacrown 2 was quenched much more effectively than 1 ( Fig. 3c and 3d) . No structural change of the fluorophores in the solution of the mixtures was confirmed by 1 H NMR spectrum. The measurements with other chlorinated compounds are summarized in Fig. 4 . The stronger the electron-withdrawing character of the coexisting chlorinated compounds, the weaker the fluorescence; 2,4,6-trichlorophenol was the strongest quencher of all those used in this study (Fig.   4 ). On the other hand, carbon tetrachloride and chloroform also reduced the fluorescence as a result of the photochemical conversion of 1 and 2 into the non-fluorescent adducts. Such the fluorescence quenching by carbon tetrachloride has been documented in the aromatic fluorescent materials such as anthracene, in which the radical species generated from carbon tetrachloride by the photochemical process reacted with anthracene [34] . Fig. 3 and Fig. 4 
Fluorescence quenching by nitro compounds
The fluorescence intensity of 2 in THF also gradually decreased with the increasing concentration of nitroethane. The concentration dependence of the quenching efficiency was described as a result of the decrease in both the excitation and fluorescence intensities (Fig. 5a ). The fluorescence is almost completely quenched when the concentration of nitroethane exceeds 80 mg/mL in a 1 x 10 -6 M solution of 1 in THF. On the other hand, the absorption of 1 at 418 nm does not change in the presence of nitroethane (Fig. 5b) , indicating that nitroethane also interacts with the excited state of 1. Other nitro compounds, such as nitrobenzene, 4-hydroxynitrobenzene, and 2,4-dinitrofluorobenzene, act as quenchers (Fig. 6 ) and the quenching efficiency increases with the increasing electron-accepting property of the nitro compounds, among which 2,4-dinitrofluorobenzene is the most effective. A similar, but more effective fluorescence quenching was observed for 2 as can be seen in Fig. 6 . As the previously effect reported chemosensory for nitro compound that consisted of the fluorescent poly(phenylene vinylene) with the alkoxy groups is known to be highly sensitive, application of the present DSBs as the fluorescent units would be expected to provide a more effective sensory effect. 
Fluorescence quenching to the phenylboronic acid
Analogous to the nitro compounds, phenylboronic acid also interacts with 2, but not with 1. Fig.   7a shows the fluorescence quenching of 2 by phenylboronic acid that depends on the concentration of the quencher. However, the fluorescence was not completely quenched even when excess phenylboronic acid was added. When triethylamine was added to the quenched solution of 2 by phenylboronic acid, the fluorescence recovered (Fig 7b) . In this case, triethylamine would acts as an electron-donor rather than a base as mentioned below. This fluorescence property, quenching and recovery, might provide a possibility of 2 to be used as a sensor for substances that interact with boronic acid derivatives to set off their electron-accepting abilities.
Fig. 7
Recognition of Ca 2+ by the fluorescence quenching
The change in the electron density of the terminal nitrogen atom affects the fluorescence because a significant decrease in the intensity was observed in the acidic medium; for instance, the fluorescence completely disappeared when the nitrogen atoms were protonated by hydrochloric acid.
Accordingly, there is the possibility of metal cation recognition using 2; namely, if the electron-donating character of the terminal azacrown moieties modulates the fluorescence intensity 
Fluorescence quenching mechanism
The possible mechanism of the fluorescence quenching observed in the present study is also regarded to involve a PET process. Considering that there is no change in the absorption spectra of both solutions of 1 and 2 containing the chlorinated or nitro compounds, the quenching phenomenon is due to the electronic interaction between the fluorophores in the excited states as the donors and the chlorinated or nitro compounds as the acceptors. To explore this hypothesis, convenient tests were carried out employing p-benzoquinone, a strong electron-acceptor and p-dimethoxybenzene, a strong electron-donor. As expected, p-benzoquinone also effectively quenched the fluorescence of 1, while the fluorescence recovered when p-dimethoxybenzene was added to the non-fluorescent solution containing 1 and nitroethane, supporting the involvement of a PET process. We also investigated the electrochemical properties in order to distinguish the difference in the electron-donating abilities between 1 and 2 by cyclic voltammetry (CV)
measurements. The fluorescence of the former was not quenched by phenylboronic acid, but that of the latter decreased in the presence of the quencher. The half-wave oxidation potentials (E 1/2 ) of 1 and 2 are 0.41V and 0.49V (vs SCE), respectively, which suggests that the azacrown moiety is inclined to release an electron more easily than the dimethylamino group and explains the difference in the spectral behavior in the presence of the quenchers.
When the relation between the fluorescence intensity and the concentration of the electron-acceptors is supported by the following equations for the complex with a 1:1 stoichiometry, the association constant, K, for the equilibrium can be related to the concentration of the electron-acceptor [A] as expressed by the following equation [35] . Fig. 11 and Fig. 12 . The linear relationship shows that the fluorescence quenching constants are closely rationalized to the electron-accepting ability of the quenchers and strongly suggests the PET process is concerned to fluorescence quenching observed in the present system [36] . 
